; accepted for publication 4 January 1988) The application of distributed feedback by Bragg reflections in electron beam channeling x-ray lasers is investigated. Expressions for low threshold gain are derived for this cavity mirror structure in single crystals and are shown to have possible app1icat!on in reducing beam high current requirements by many orders of magnitude.
Relativistic electrons propagating through axial and planar crystal channeis may populate bound transverse energy eigenstates.
1 ·J Spontaneous transitions between these states have been shown experimentally to yield narrow width, strongly forward-peaked, tunable x-ray radiation in excess of atomic bremsstrahlung radiation by an order of magnitude."-· 5 The possibility of using the channeling mechanism as a coherent x-ray source depends on future progress in three areas: ( l} achieving significant population inversion, ( 2) increasing the coherence length for channeling particles, and ( 3) creating sufficient gain from induced emission. This letter addresses the third issue relating to the identification of an efficient mechanism for gain optimization in crystal channeling. Recent estimates suggest that even modest gains for short coherence iength systems ( l 0 µ.) may require currents of the order of MA/ cm 2 range for energies near 10 MeVt>-8 ; this requirement is in the limit of present capabilities of high current technology. Our aim here is to suggest a scheme to reduce the necessary currents by many orders of magnitude, thereby bringing one aspect of the channeling x-ray laser closer to expe1imental reach. The concept of a disrributed feedback laser in the optical range for atomic emitters has been proposed by Kogelnik and Sank 9 (KS) and was extended later on to the x-ray range. :o. i i The feedback mechat1ism ts supplied by multiple Bragg reflections from periodic perturbations of the crystalline refractive index. Some advantages in using distributed feedback (DFB) include the intrinsic compactness and high degree of spectral selectivity available without the need for cavity mirrors.9-· 11 Our purpose here is to apply DFB techniques to significantly reduce the spatial gain requirements in projected coherent x-rny channeling experiments.
The use of DFB x-ray lasers in channeled relativistic beam systems d iffers in two respects from atomic DFB lasers. First, the radiation in the forward direction emitted by the relativistic beam is Doppler up-shifted to the x-ray range, while the backward reflected radiation is Doppler downshifted relative to the beam. Thus, amplification occurs only in the beam direction, leaving an asymmetric x-ray intensity distribution. This feature represents the main difference
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between our channeling DFB analysis and the atomic coupled wave theory of DFB lasers by SK.
9 Second, the channeling DFB has a significant advantage in radiation tunability.
By adjusting the electron beam energy, the Doppler up-shifted radiation can be tuned with high precision ( ::;:; I%) onto a line in the DFB mode spectrum near the Bragg reflection frequency.
We begin by characterizing the set of channeling trans- 
.,cr+slc>+c.c.,
where w is the electromagnetic wave frequency, c is the speed of light, € -r and p .,, are slowly varying complex amplitudes, and transverse fieid effects are not considered. The behavior of p -+: . is readily determined from a density matrix approach and obeys the Bloch cquation 7 • 12 : a . a (1) where vis the channeling electron speed in the z direction, d
is the electric dipole moment e( ljx j2), n,, is the beam number density, Ii is Pianck's constant, r is a phenomenological damping constant related to the channeling coherence length v/r, ~.. = b) ( 1 +vi c) - (1) 0 is a detuning frequency, ar.d the factor !J/ c represents a magnetic dipoie interaction correction. 7 We note that A 4 = 0 defines the channel- where a is the periodic reflection plane spacing. Consequently, the channeling electron energy may be tuned to satisfy the Bragg reflection condition and induce distributed feedback in the channeling crystal. Equation ( 1) at at where the polarization P and magnetization M = PXv/c are due to the beam electrons.
7 ln Eq. (2) J is the crystalinduced current of the bound electrons. We approximate J = n,ev,, and (B /Bt)J = e 2 n,Elme, where the spatialiy modulated atomic electron density ne (z) = n 11 cos(2«1 0 z/c) with n 0 on the order of the crystal bound electron density provides coupling between the forward and backward propagating waves.
9 ·' 0 fo the slowly varying envelope approximation Eq. (2) can be written as i a a
Decoupling of Eqs. ( l) and ( 3) can be accomplished as follows. In the iimit of small coherence lengths u/f', i.e., [(a 1anp -:; ] Ip T and Eq. ( i) simplifi.es: P ± =idnbW(dc-t./li)(l+vlc)/(iA~ -f'). Near resonance, i.e., (u-2ycu 0 and A t II'~ 1, giving
P1-= -id
1 n1>WE+ (1-u/c) fzr. (4) In this limit tl_ ~cv, A ._~ rand in the case oflow gai.np _ can be ignored in Eq. ( 3). We now define the scalar gain g=21Twd~nbW/ficr, where d 1 =d (l-v!c) . Substituting Eq. ( 4) We now find steady-state solutions appropriate for the system at thresnold. (7) whereg is identified as a thrcshol.d gain. To include radiation losses in Eqs. (6) and (7) g ;, -..g + -g 1 ,,., whercg 1 ., 5 is the radiation loss factor, and fo1:simp!icity is ignored in the foilowing. Notice that Eqs. (6) and (7) differ from the corresponding equations of KS due to the fact that beam electrons produce gain only in the forward direction. The anisotropy (g + :F g .. ) forces p __ to be negligibly small.
The coupled wave Eqs. (6) and (7) describe the spatial variation of transmitted. and reflected wave amplitudes in a beam channeling DFB medium. For a slab of length L centered at z = 0, the accompanying boundary conditions read: tions to Eqs. ( 6) and (7) are found directly:
The aliowed resonance frequencies <5 and threshold values g can be obtained from Eq. (9). A formal solution ofEq. (9) is .4 = ± iKsinh{..tL), (10) g/2-ib= +iKCOsh(l..L). Equations { 10} and ( 11) are transcendental equations requiring numericai solution in general.
9 Approximate formulas can be obtained in the limit of strong reflections: In the present treatment we have neglected radiation losses (g 1 "" ) • It is possible making use of Borman anomalous transmission
•
16 that x-ra.y losses can be negligibly small. In an actual experiment the requirement of the Bragg condition would generate standing waves with nodes on the atomic sites, so that the condition for the Borman effect is fulfilled. Threshold conditions of the combined effects of the DFB mechanism and the Borman effect require further study.
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